We have recently described [1] the halfsandwich c^c/o-pentasulfido and cjc/o-pentaselenido com plexes la ,b , 2 a and 3 a ,b which contain a nitrosyl ligand in addition to a voluminous pentamethylcyclopentadienyl ring:
side-products with a lower chalcogen to metal ratio (mostly 2:1) are always formed as well. An alternative route to sulfldo and selenido com pounds is the photo-induced decarbonylation of the nitrosyl complexes Cp*M (CO)2NO (M = Cr, Mo, W) in the presence of excess chalcogen. H ow ever, only l a could be prepared by this method, whereas in the cases o f molybdenum and tungsten, products with lower chalcogen content were again invariably formed.
We now describe sulfurization and selenization reactions involving the Cp* halfsandwich nitrosyl metal complexes to give products o f lower chalco gen content. The intermediate acetonitrile complex has been characterized before [1] . Form ation of the pentasulfido complex 1 a appears to be favoured; it was obtained quantitatively in the presence of excess S8 and still isolated in appreciable am ounts when less sulfur was available. As expected, addition o f S8 or (N H 4)2Sx (jc ~ 10) to an acetonitrile solution o f 4a generates 1 a.
Results and Discussion

Photodecarbonylation o f C p*M ( C O
The photodecarbonylation of Cp*Cr(CO)2NO in the presence o f various am ounts of selenium ( 1 -10-fold excess) produced only the binuclear complex 4 b. In a similar m anner irradiation of Cp*M o(CO)2NO in the presence o f excess sulfur or selenium led only to the binuclear derivatives 5 a and 5b; pentachalcogenide com pounds such as lb and 2 a could not be isolated, although they are known [1] , The monomethyl-cyclopentadienyl complex C p'2M o2(NO)2(S2)2 was also prepared. The spectroscopic data obtained for 4 a ,b and 5 a ,b (Table I) structures. Remarkably, in all cases two nitrosyl Stretching absorptions are observed in the IR spec tra, both in the solid state and in solution. This in dicates that the complexes cannot be centrosymmetric, although only one type of Cp* ring ligand is seen in the 'H and 13C N M R solution spectra. The molecular structures of 4 a and 5 b were deter mined by X-ray crystallography (see below). The El mass spectra contain the molecular ion in all cases; the prim ary fragmentation process appears to be successive loss of the two nitrosyl ligands. A ttem pts to desulfurize the pentasulfides 2 a and 3 a using PPh3 or PnBu3 gave binuclear complexes of the general composition Cp*2M 2(NO)2S4 (M = M o, W). The molybdenum com pound so formed is not identical with 5 a. It is known that dechalcogenation of C p2Ti(E5) (E = S [2, 3] , Se [4] ) using tertiary phosphanes leads to binuclear derivatives containing a six-membered 1,4-dimetalla-cyclochalcogen ring. When H 2S gas was bubbled through the red T H F solution of Cp*M o(NO)I2, the main product was Cp*2M o2(NO)2(//-S2)2 (5 a) which could be iso lated in about 80% yield. A similar reaction of C p*M o(N O )I2 with H 2Se -obtained in situ by controlled hydrolysis o f Al2Se3 in the T H F solu tion itself -led to the doubly Se2-bridged product 5b in about 65% yield, although loss of NO to give Cp*2M o2Se4 (6b) was also observed. The green side-product 6 b is only sparingly soluble in organ ic solvents; its structure has not been determined but it is apparently different from the violet prod uct obtained by Brunner et al. [5] by oxidative decarbonylation of Cp*2M o2(CO)4 using excess se lenium in toluene solution.
A ttem pts to prepare binuclear nitrosyltungsten complexes, analogous to 4 a,b and 5 a,b , were not successful. The reaction of Cp*W (NO)I2 with H 2S gas in T H F solution in an argon atmosphere prod uced both a brown-black mononuclear com pound Cp* WS3(I) (7 a) and a dark-red binuclear complex, Cp*2W 2S4 (8 a). If the reaction of Cp*W (NO)I2 with H,S gas was conducted in air, several oxo complexes such as 7 c, 8 c and 8d were isolated in addition to the only nitrosyl complex, Cp*W(NO)(S5) (3 a) which was formed in low yield (2%). The prepa ration o f 3 a from Cp*W (NO)I2 and ammonium polysulfide in m oderate yields (72%) and the structural characterization of the product have been described earlier [1] . The mononuculear com pounds Cp*W (E)(S2)I (E = S (7 a) or O (7 c)) correspond closely to the methyltungsten com plexes Cp*W(E)(S2)Me (E = S, O) studied by Faller and coworkers [6] .
Binuclear complexes of the types Cp*2W 2(E)(E')(//-S)2 (8a,c,d) are also known. In principle, several isomers are possible for complex es of the com position Cp*2M2S4, as has been shown for the case of both M = W [7] and, in par ticular, M = M o [7, 8, 9] . On the basis o f the darkred colour and the similarity of the IR data (v(W = S), one single absorption at 486 cm "1, cf. 481 cm "1 [7] ), there are good reasons to believe that the binuclear complex obtained in the reac tion of Cp*W (NO)I2 with H 2S under argon is in deed the anti-isomer 8 a first described by Brunner et al. [7] , The stepwise replacement of the two ter minal sulfido by oxo ligands to give 8d and 8 c, re spectively, in the presence of air is also in agree ment with the assumed W 2S2 framework in the binuclear Cp*W complexes 8a,c,d . T hat the oxygen-free complex (9 b) was not iso lated might be due to the presence of water as a re sult of the Al2Se3 hydrolysis. In air, 9d is rapidly and quantitatively converted to the dioxo complex 9 c.
The Cp*W compounds 8c,d and 9 c,d have not been described previously. However, the CpW complexes (containing unsubstituted Cp ring ligands) Cp2W2(E)(E')0/-S)2 (E = E' = S [10, 11, 13] , O [12, 13] ; E = S, E' = O [13] ) and C p2W 2(E)(E')(yu-Se)2 (E = E' = O [14] ) are wellknown. At the present state of knowledge, it ap pears that the binuclear tungsten complexes de scribed here generally prefer the anti-configura tion containing the two Cp (or Cp*) ring ligands in m utual trans-position at a planar W 2(//-S)2 or W 2(//-Se)2 center. X-ray structure determinations carried out for Cp2W2(N'Bu)2(//-S)2 [13] and Cp2W 2(0 )2(//-Se)2 [14] have confirmed this trans geometry.
The series of dioxo complexes Cp*2W 20 2(//-E)2 is now known for all chalcogens as bridging ligands. 32S and 80Se; b a W =Se stretching absorption for 9d could not be
The spectroscopic data of the new Cp*W com plexes are compiled in Table II . The IR spectra show an intense absorption at 920 ± 1 2 cm -1 (v(W = 0 )) or 490 ± 10 cm -1 (v(W=S)) if a terminal oxo or sulfido ligand is present. The (v(S-S)) stretching absorption of the ^2-disulfide ligand in Cp*W(E)(S2)I (E = S (7a) and O (7c)) is expected near 550 cm "1, as in the corresponding methyltungsten complexes CpW(E)(S2)Me (E = S or O, 549 cm "1) [6] , Tables III and IV. In both complexes, two 14-electron fragments a Cp* = centroid of the five ring carbon atoms, C(l)-C(5). (2)--Se(2a) 3.248 Ä in 5b) are shorter than the sum of the van der Waals radii for sulfur (2x 1.83Ä) and selenium (2* 2.00 Ä). As in related compounds (see below), the bond distances in the diatomic bridging ligands (S2 2.013(2)Ä in 4 a and Se2 2.311 (2)Ä in 5a) are slightly shorter than the single-bond distances in S8 (2.06 Ä) and Se8 (2.33 Ä), although considerably longer than the double bonds in the diatomic molecules S=S (1.89Ä) and Se=Se (2.19Ä) [16] .
Binuclear complexes containing a pair o f bridg ing /i-rj\rj2-E2 ligands are apparently formed if 8 electrons are required to reach the inert gas config urations. Thus, uncharged complexes such as 4 a, 5 b and 10 a [17] are composed from two 14-electron fragments: [21] appear to exist as an equilibrium mixture o f both anti (trans) and syn (cis) form in solution, as may be deduced from two distinct v(CO) stretching ab sorptions in the IR spectra-. The syn isomer of 13a has been structurally characterized; the four sulfur atom s are nearly coplanar [20] .
As may be expected from electron book-keeping according to the inert gas rule, all these complexes are diamagnetic, and the metal •••metal distances are non-bonding. Discussions concerning the structural variety of Cp(*)M(E4)MCp(*) complex es and the electron accountancy for oligochalcogenide bridging ligands may be found in recent publications by Hoffm ann [9] , Rauchfuss [18] and W ächter [22] ,
Experimental
All experiments were routinely carried out in an atm osphere of dry argon using Schlenk tech niques. The use of dry and oxygen-free solvents is necessary. The light source for the photolyses was a highpressure 250 W mercury lamp (Original Hanau) housed in a water-cooled glass jacket. Separation of product mixtures and purification of the com ponents was accomplished by column chrom ato graphy over silica gel (Merck 60) which had been activated at 600 °C overnight and stored under argon.
Spectroscopic measurements: IR: Perkin-Elmer The photo-induced decarbonylation (3 h) of an orange suspension containing 0.32 g (1 mmol) Cp*M o(CO)2NO and 0.32 g (4 mmol) gray seleni um in 60 ml acetonitrile produced a black reaction mixture. The solvent was taken off under reduced pressure, and the residue was purified by chrom a tography on silica. Elution with C H 2Cl2/pentane (1:1) gave a dark-red zone which contained 5 b. Black prismatic crystals, m.p. 165 °C (dec.) after crystallization from CHCl3/hexane at -2 5 °C; yield 0.18 g (42.6%).
b) Reactions o f C p * M (N O )I2 (M -M o, W ) with hydrogen chalcogenides, H 2E ( E -S, Se)
Reactions with C p * M o (N O )I2
Preparation o f Cp* -,Mo-,( NO ) 2( p -E 2 ) 2 ( E = S (5 a ) ,S e (5b);
A stream o f H 2S gas was bubbled for 5 min through the red solution of 0.52 g (1 mmol) C p*M o(N O )I2 in 100 ml tetrahydrofuran (THF). The deep red solution was kept stirring for 1 h at room tem perature and then worked up by column chrom atography on silica. Dark-red Cp*2M o2(NO )2(//-S)2 (5a) was isolated in 79.3% yield (0.26 g), m.p. 164 °C.
In order to keep the unpleasant smell at a mini mum, H 2Se was generated by adding a small am ount of water (0.22 ml, 12 mmol) to a stirred suspension containing 0.58 g (2 mmol) Al2Se3 in addition to 0.52 g (1 mmol) Cp*M o(NO)I2. The mixture was stirred for 24 h and then filtered. The dark-red solution was concentrated and chrom a tographed on silica. Elution with C H 2Cl2/pentane gave two bands, first a dark-green zone containing Cp*2M o2Se4 (6) The binuclear complexes 9c and 9d do not melt up to 250 °C.
c) Preparation o f Cp* W -oxo complexes
The Cp*W com pounds containing terminal sulfido or selenido ligands are quantitatively convert ed into the corresponding com pounds containing terminal oxo ligands if stirred in solution (CH 2C12, T H F) in the presence o f air, e.g. Cp*W(S)(S7)I (7 a The crystal, data collection and refinement p a rameters for both 4 a and 5 b are given in Table V . The data collection was similar in both cases: A black crystal was m ounted on a glass fiber with epoxy cement, and the unit cell param eters were deduced from the least squares fit of 25 reflections (20° < 2.9 <25°). In both cases of 4 a and 5b, the preliminary photographic data indicated either 4/m or 4/mmm Laue symmetry, and the systematic absences in the diffraction data established the space group as either P 4,2,2 or P 4 3 2 ,2 . The R o ger's test and the chemically sensible results o f re finement showed that P 4 32,2 is the correct space group for 4 a and P 4,2,2 for 5b. An empirical ab sorption correction was applied to the data sets (216 y/-scan reflections, pseudoellipsoid model).
The structures were solved by direct m ethods which located the two metal and the four chalco gen atoms. The remaining non-hydrogen atom s were located through subsequent Fourier and least squares syntheses. All hydrogens were included as idealized isotropic contributions (d(CH) = 0.960 Ä, U = 1.2 U for attached C). All non-hy drogen atom s were refined with anisotropic ther mal parameters. Tables VI and VII ( 9) 8677(6) 296 (7) 6394 ( Support o f our research by the Deutsche F or schungsgemeinschaft and the Fonds der Chemi schen Industrie is gratefully acknowledged. We thank particularly Dr. W. Milius, Bayreuth, for valuable discussions. G.-X. Jin is grateful for a postdoctoral fellowship o f the Alexander von Hum boldt Foundation.
